The rate of methane formation over potassium carbonate catalyst loaded on coal char was measured at elevated pressure in the range 1.5-2.0 MPa in the H2-CO-H2Osystem. The rate of simultaneous progress of the water-gas shift reaction was also measured. The effect of gaseous components on these reactions was investigated to obtain the respective rate equations.
Introduction
Potassium carbonate is recognized as one of the potential catalysts for an economical coal gasification process.4'10'13'17* It has been reported that potassium catalyst promotes the methane formation reaction as well as the steam gasification of coal char.1'8 '16* Controlling both the exothermic methanation and the endothermic gasification rates may provide a thermoneutral single-stage gasifier.6' 8' 12' 16* In our previous paper,7* the potassium-catalyzed hydrogenation of CO was investigated at elevated pressure up to 3.4 MPa. The steam gasification of coal char was also carried out and its rate expression was obtained.11* Taking into account that H2 and CO are produced through the steam gasification of char, the methane formation rate in the H2-CO-H2Osystem needs to be clarified.
In this paper, the rates of methane formation promoted by potassium carbonate loaded on coal char and the rate of the simultaneously occurring water-gas shift reaction were measured in the H2-CO-H2O system to obtain rate expressions for both the reactions. The fixed-bed steam gasification was simulated by applying the rate data obtained. 1 . Experimentals
Materials
Activated carbon produced from brown coal char (Takeda C-830) was impregnated with potassium carbonate after the pretreatment described in detail elsewhere.7'1X)
The potassium content was 0.063g potassium/g fixed carbon. The proximate and ultimate analyses of the sample are given in the previous paper.7) The size of sample particles was adjusted in the range of 0.5-1 mmso that the intraparticle diffusion resistance could be neglected.
Experimental procedures
A high-pressure packed-bed reactor, described in detail elsewhere,7) was operated in the range of 1.5-2MPa. The reactant gas was a mixture of H2, CO, H2O, and Ar as balance inert gas. The detailed procedures for controlling the partial pressure of each componentare described in the previous papers.7'n) The composition of dried product gas was analyzed by gas chromatography and the flow rate of the product gas was measured by a flow meter. When the reactor was operated as a differential flow reactor, the rate of reaction was calculated on the basis of unit sample mass. Thus, the methane formation rate is expressed as rá" =1JT v^ch4 (1) where v is the volumetric flow rate of the product gas,
WQis the initial mass of sample and CCH4is the concentration of CH4in the product gas.
The reactor was also operated as an integral flow reactor. The amount of sample charged in the reactor was changed and the product gas compositions were measured.
Results and Discussion

Methane formation reaction
In the steam gasification of coal char, methane may be formed by the following reactions.
It has been shown in the H2-COsystem that the rate of carbon hydrogenation is much smaller than that of COhydrogenation.7) Figure 1 shows both the rates -rml and -rm2 in the H2-CO-H2O and the H2-CO systems. WhenH2Ois included in the reactant gas, the rate of COhydrogenation decreases while that of carbon hydrogenation increases. At lower temperatures the rate of carbon hydrogenation is much smaller than the rate of COhydrogenation. However, as the temperature is increased, the former seems comparable to the latter. 2.1.1 CO hydrogenation The effect ofH2O on the hydrogenation of CO was investigated under conditions where pHl and pco were much greater than Pn2O. Thus, the differences ofpHl and /?co between the inlet and the exit of the reactor were smaller than 5-10% even when the shift reaction proceeded to the extent of equilibrium. Therefore, the dependence of methane formation rate on pUl and pco could be determined with the differential flow reactor. The rate of carbon hydrogenation was negligible under these conditions since its rate at 823K was smaller than about 1/10 of the magnitude of CO hydrogenation rate, as shown in Fig = kmiPcoPn2 /4x ml d+^coPco) 2 As shown in Fig. 2 , however, the plot of CO hydrogenation rate in the H2-CO-H2Osystem yields a straight line with slope of 1/2 on log-log scale. Thus, the CO hydrogenation rate in the H2-CO-H2Osys-tem is proportional to the square root of partial pressure of H2at constant pco. Rearranging Eq. (4) The slope and the intercept of the straight line The temperature dependency of kml evaluated by Eq. (6) is shown in Fig. 4 . The activation energy of 66 kJ/mol ofkml for the H2-CO-H2O system is nearly equal to that for the H2-CO system, 69kJ/mol.7)
The decrease in the rate of COhydrogenation due to the existence ofH2Omaybe attributed to either the adsorption of H2Oon the active sites of catalyst or the change of hydrogenation mechanism. If the adsorption term of H2O is included in Eq. (6), it can be rewritten as (7) [7 1/2-ll/2 -^coPco=l +^h2oPh2o
Thus, in this case, Y should deviate from 1 with increasing pHiO. Equation (7) was examined using rate data obtained under the conditions where the amount of sample charged is much larger than that required for the shift reaction to attain equilibrium.
Thus, the partial pressures of gaseous reactants could roughly be approximated by those at the reactor exits since the other reactions were rather slow. It should be mentioned here that no carbonaceous materials were observed on the sample whenit was taken out of the reactor at room temperature. This is distinct from the case without H2O, in which a considerable amount of carbonaceous deposit was observed.7) The shift of reaction order for pUi from 1 to 1/2 in the presence of H2Opoints out that H2O influences the methane formation rate by changing the mechanismof COhydrogenation.
It has been considered that methane formation in the H2-COsystem possibly proceeds by the hydrogenation of surface carbon formed via the dissociation of CO.7) The majority of the active carbon turns into the carbonaceous deposit in this case. In the H2-CO-H2O system, however, the dissociation of CO is inhibited9) and hence the reaction of adsorbed CO with dissociated hydrogen may possibly be the main process to form the active carbon. Thus, however, COpartial pressure at the reactor exit was very low and the rate of methane formation via CO hydrogenation could be neglected. Hence, methane is formed predominantly through carbon hydrogenation. The reaction order of 1/2 for pU2 implies that the dissociated hydrogen may play an important role in this case. When H2O exists in the system, a potassium-containing surface oxide complex is formecp,5,i5) an(j jience j-^g dissociation of hydrogen may be promoted. Thus, the enhancement of carbon hydrogenation by H2Ois considered to be due to the formation of the oxide. However, this is still speculative.
The rate of methane formation through the carbon hydrogenation in the presence of H2Ocan be represented by -rm2 = km2p\l22 (9) The temperature dependency of the rate constant km2
is shown in Fig. 4 .
Water-gas shift reaction
As mentioned elsewhere,11} the shift reaction is very fast and it is rather difficult to measure, its rate under differential-flow reactor conditions. In this work, the rate data were obtained by using the integral flow reactor. The H2Oconversion was determined by the concentration of product CO2and the result is shown in Fig. 6 in terms of the time factor t. The consumption of COand H2 and also the formation of H2Oby the methane formation reactions could be neglected compared to the same processes by the shift reaction.
The performance equation for the packed-bed reactor is given by^h 2o Jo -rs Several types of rate expression for -rs, obtained by a mechanisticconsideration, were subjected to nonlinear parameter estimation analysis on the basis of Eq. (10). About 20-35 runs were carried out at each temperature to obtain such data as shown in Fig. 6 . From the statistical test, the following equation was obtained as the rate expression giving the minimum deviation from the data. _r = K(PcoPH2O-PcO2PnJKes) (n,
Equation (1 1) shows the same dependency on partial pressures of H2Oand CO2as that in the case of the Ni-catalyzed shift reaction.9) The temperature dependency of each kinetic parameter in Eq. (ll) is shown in Fig. 7 . The equilibrium constant Kes was evaluated by using data obtained at a sufficiently large value of t and the value agreed well with the thermodynamic equilibrium constant for the shift reaction.
Operation under gasification conditions
Based on the kinetic data presently and previously1^obtained, one can estimate the gaseous compositions at the exit of the reactor which is operated as an integral flow reactor under gasification conditions.
Taking into account the practical conditions for obtaining high yield of methane,12) a mixture of H2Oand H2 was supplied to the reactor and the exit gas compositions were measured at different time factors. Figure 8 shows the results for the components containing carbon atom at the beginning of reaction, at a low level of carbon conversion.
The material balance with respect to each gaseous 1 +Kh2oPh2o+Kn2Pu2 In the integral-flow reactor, the carbon in the sample is also gasified by CO2 produced. Thus, for the CO2 gasification of carbon, the following rate expression was assumed. The gasification by CO2was carried out at atmospheric pressure and the rate constant was evaluated on the basis of Eq. (14).
-rb = kb(pCO2 -p2co/Keb)
For both the methane formation reactions, the reverse reaction was neglected since the magnitudeof its rate was smaller than 1/10 that of the forward reaction rate at the exit of the reactor. The simulated curves shown by solid lines in Fig. 8 fit fairly well with the experimental results at lower values of t. The values of kinetic parameters used for simulation are shown in Table 1 . The deviation from the experimental data at higher values of t may be attributed to the assumption that the forward reaction of CO2 gasification obeys first-order kinetics. The carbon gasification by CO2 is usually retarded as CO2 partial pressure increases,3) but this effect is neglected in Eq. (14). When the gasification by CO2
was neglected, however, the calculated results deviated from the experimental data as shown by broken lines in Fig. 8 . From these results, although the rate of COhydrogenation and that of shift reaction were measured at rather low temperatures where steam gasification was insignificant, they are considered to be applicable in the temperature range suitable for the gasification.
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NO. 3 1985 However,as gasification proceeds, the rate of each reaction varies with the consumption of carbon in the sample.n) Thus, the rate expressions obtained above should be rewritten to account for the variation of reaction rate according to the results described in the previous paper.11} The time-dependent variation of the exit gas compositions mayalso be simulated. This is not dealt with in this paper.
Conclusion
The reaction rates of methane formation and the water-gas shift reaction over potassium carbonate catalyst loaded on coal char were measured at elevated pressure in the H2-CO-H2O system. The rate of CO hydrogenation was reduced by the presence ofH2O to 1/3 the magnitude of that without H2Oand the dependency of the rate on H2 partial pressure also changed. However, the existence of H2O had no effect on the dependency of rate on partial pressure of CO. In the presence of H2O, carbon hydrogenation proceeds at a velocity comparable to that of the COhydrogenation as reaction temperature increases. 
